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In August, 1974, a field investigation was begun in Yellowstone 
National Park. The aim of this research was to determine the 
cause of injury observed to lodgepole pine near geysers and hot-
springs. 
A quantitative determination of damage showed that the propor­
tion of injured trees was greatest near hydrothermal areas and 
that this damage decreased with increased distance from these 
areas. Also found was the tendency for damage to increase with 
age of the needles. 
Sulfur accumulation was greatest for trees within severely af­
fected areas, e.g. areas closest to emission sources. Mean sul­
fur content was 900 ppm in severely damaged trees, while healthy 
foliage averaged 615 ppm. Also, higher values were recorded in 
progressively younger-aged needles. This would not be the trend 
in sulfur accumulation if sulfur dioxide were the causal agent. 
Foliar and soil nutrient analyses showed adequate levels in 
damaged and undamaged areas. It was determined that nutrient de­
ficiencies were not the cause of damage. 
The histological phase of the investigation showed that damaged 
needle tissue expressed transfusion parenchyma, phloem, and albu­
minous cell hypertrophy and mesophyll plasmolysis in the early 
stages of damage and collapse of these tissues in the later sta­
ges. Xylem elements did not show these pathological features. 
The results agreed with histological work done in controlled 
experiments utilizing conifer tissue exposed to hydrogen sulfide 
and sulfur dioxide. 
Analysis of ambient air in the study area showed no sulfur 
dioxide but hydrogen sulfide was found in all samples, reaching a 
high concentration of 0.364 ppm at one location. 
Because of the nature and distribution of damage, the distribu­
tion and mode of sulfur accumulation, the type of tissue patholo­
gy, and the kind and amount of airborne sulfur compounds, hydro­
gen sulfide was determined to be the causal agent in lodgepole 
pine injury near geysers and hotsprings in the park. 
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CHAPTER 1 
INTRODUCTION 
The amount of hydrogen sulfide ^S) entering the global atmos­
phere each year is approximately 200-300 million tons. Most of this is 
produced during volcanic eruptions, by the reduction of sulfate ions, 
and by the decay of biological material (Kellogg et al., 1972). Since 
the half-life is estimated to be from 2-28 hours and the sources are 
uniformly spread over the earth's surface, hydrogen sulfide does not 
reach high enough concentrations to be considered a major pollution 
threat. Only in the vicinity of artificial sources such as industries 
engaged in the synthesis of petroleum products, the coking of coals, 
and the Kraft pulping process, does hydrogen sulfide pose an air pollu­
tion problem (Thomas and Hendricks, 1956). 
Previously it was understood that hydrogen sulfide could not reach 
concentrations great enough in the atmosphere to cause damage to vege­
tation except from rare industrial spills that would be lethal to humans 
and animals (Brandt and Heck, 1968). However, a study of sulfur damage 
to vegetation near a pulp mill in northwestern Montana suggested that 
hydrogen sulfide, at concentrations of 0.4 parts per million (ppm), may 
have been a contributor of damage to an estimated 2.4 million board 
feet of affected timber (Carlson, 1974). 
In Yellowstone National Park, Thomas (1950) found tip burn and 
high levels of sulfur in needles of lodgepole pine (Pinus contorta) near 
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geysers and hotsprings. He attributed the accumulation of this excess 
sulfur to be due to hydrogen sulfide because of the detectable odor of 
the gas near the sample trees and the low sulfate content in the soils. 
At considerable distances from these areas, the sulfur content of the 
needles was normal. He also noted the tendency for first-year needles 
to absorb more sulfur than older ones. This would not be expected if 
the absorbed gas were sulfur dioxide (SO^) (Katz and McCallum, 1939). 
Objectives 
A recent review of pollution literature states that the chronic 
low level effects of hydrogen sulfide on vegetation are not known and 
no field work in this area of investigation has ever been attempted 
(Brandt and Heck, 1968). In view of the apparent lack of information 
regarding hydrogen sulfide's role as a phytotoxin, this study was ini­
tiated in Yellowstone National Park, August, 1974. The objective was 
to perform a comprehensive field investigation into the nature and 
extent of damage to lodgepole pine trees near geyser and hotspring 
sources. The hypothesis being tested was that damage was occurring and 
that hydrogen sulfide was the causal agent. To confirm this hypothesis 
the following parameters were obtained and evaluated: 
1. Foliar analyses to evaluate the symptoms and extent of damage, 
pathological anatomy, total sulfur, and nutrient content of 
affected lodgepole pines. 
2. Air analyses to quantify the concentrations of hydrogen sul­
fide, sulfur dioxide and total reactive sulfur. 
3 
3. Soil analyses to determine if any nutrient deficiencies were 
present in the affected areas. 
4. A comparison of the results of this study with those of other 
investigations to ensure a correct diagnosis of the causal 
agent of damage. 
Literature Review 
The concentration of hydrogen sulfide in the atmosphere is not an 
absolute criterion for plant damage because tolerance to hydrogen sul­
fide varies greatly between species. McCallan et al. (1936) reported 
slight damage to certain plant species fumigated at concentrations be­
tween 20 and 40 ppm for five hours, while more resistant species showed 
no appreciable injury up to 400 ppm. Temperature and humidity were 
found to be as important as the concentration of hydrogen sulfide in 
inducing plant damage. Injury resulting from varying periods of expo­
sure at constant concentrations also appears to be variable within 
individual species as well as between species (Setterstrom and Thorn­
ton, 1940). The hydrogen sulfide induced lesions in these plants con­
sisted of scorching of the youngest most rapidly elongating leaves 
while the older, more mature leaves generally escaped injury. Accord­
ing to Zimmerman and Crocker (1934), the earliest indications of injury 
associated with sulfur dioxide are expressed in the older leaves. 
Thus, the symptoms of injury associated with hydrogen sulfide are dis­
tinctly different from those of sulfur dioxide. 
In exerpiments with Raphanus seedlings, Dobrovolsky and Strikha 
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(1970) observed that germination, the growth and development of seedling 
organs, as well as the rates of chlorophyll, organic synthesis, and 
catalase activity were inhibited to a greater extent when plants were 
fumigated with hydrogen sulfide rather than sulfur dioxide. Other re­
searchers, however, have found intensive stimulation in the synthesis 
of HS-containing organic compounds in plants following fumigations with 
hydrogen sulfide (Erismann and Brandie, 1968). 
Histological studies have revealed a characteristic hypertrophy of 
the vascular tissue, mesophyll granulation, and endodermis collapse in 
ponderosa pine needles that were fumigated with hydrogen sulfide in 
laboratory situations (Gordon, 1973). 
It has been known for some time that apple trees express leaf 
damage similar to that caused by hydrogen sulfide after treatment with 
a variety of sulfur sprays (Brody and Childers, 1939; Christopher, 
1942). As the insecticidal and fungicidal effectiveness of the sulfur 
sprays increased, leaf damage also increased. Researchers have corre­
lated the injurious effects of these sprays with a reduction in photo­
synthesis, a factor they found to be temperature dependent (Heincke, 
1938; Christopher, 1942; Brody and Childers, 1939). 
The mechanism by which hydrogen sulfide affects the metabolism of 
the plant is not understood. It has been postulated that it may be 
similar in action to its method of toxicity in fungi but this mechanism 
is also unclear (McCallan and Wilcoxon, 1931). 
Turrell (1949) was able to detect hydrogen sulfide, sulfur dio­
xide, and sulfate ion in extracts of injured citrus following elemental 
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sulfur dusting. He also found sulfur dioxide and sulfate ion after 
fumigations with hydrogen sulfide, and sulfate ion following exposure 
of the fruit to sulfur dioxide. This led him to believe that either 
sulfur dioxide or sulfate ion was the toxic substance responsible for 
the injury and implied a common mode of action for sulfur dust, hydro­
gen sulfide, and sulfur dioxide. Furthermore, Turrell concluded 
that this series of reactions was enzymatic since tissue extracts 
incubated at temperatures capable of inactivating plant enzymes con­
tained no measureable quantities of hydrogen sulfide, sulfur dioxide, 
or sulfate ions. 
Other experiments performed to evaluate the physiological role of 
hydrogen sulfide in plants have shown it to depress oxygen evolution 
while acting as a secondary electron donor during photosynthesis (Knob-
loch, 1966) and as an inhibitor of both carbonic anhydrase (Day and 
Franklin, 1946) and the cytochrome a+a^ complex (Lehninger, 1972). 
In general, there is a trend in plant and animal systems for enzymes 
with bonded metal ions to be inhibited by hydrogen sulfide (Mann and 
Lutwak-Mann, 1944). 
CHAPTER 2 
MATERIALS AND METHODS 
Foliar Analysis 
At each study site one lodgepole pine, the dominant vegetation in 
the area, was selected for analysis. The selected tree was permanently 
marked for future identification and its location was recorded. 
Damage Estimate 
To quantify foliar injury, each lodgepole pine was examined and 
assigned a value representative of the degree of injury. This score 
system was a slight modificiation of the method used by Miller (1971) 
to describe oxidant injury to Ponderosa pine. Under this system, sepa­
rate values were obtained for the upper and lower portions of the crown, 
than totalled. High total values represent healthy trees. 
Characteristic 
Needle retention (number of years retained) 
Score 
upper crown 
lower crown 
Needle condition (one score value given for each 
annual increment of needles) 
0-7 
0-7 
upper crown 
green healthy 
0-50 percent chlorotic 
50-100 percent chlorotic 
0-50 percent necrotic 
50-100 percent necrotic 
4 
3 
2 
1 
0 
6 
7 
lower crown 
green healthy 
0-50 percent chlorotic 
50-100 percent chlorotic 
0-50 percent necrotic 
50-100 percent necrotic 
4 
3 
2 
1 
0 
Total Damage Estimate 
Binoculars were used to evaluate the condition of yearly needle 
condition in the upper tree crown. 
Sulfur Analysis 
A combined sample of 0.75-1.25 kilograms of foliage was collected 
from each study tree mid-crown on the side facing the known emission 
source. This foliage was placed in plastic bags with an identification 
tag and transported in a portable cooler back to the laboratory for 
sulfur analysis. At the laboratory, needles from each sample were 
stripped from their branches, separated according to year of origin 
(1971-1974) and dried in a forced air draft oven at 32° C for 3 to 4 
days. Since the collections were made in mid-September, 1974, needles 
represented 4 months of growth, 1973 needles - 16 months, 1972 needles -
28 months, and 1971 needles - 40 months of growth respectively. This 
dried material was ground in a Wiley Mill to pass 40 mesh and the sul­
fur content calculated in a 0.10 gram aliquot by a combustion iodometric 
procedure using a Leco induction furnace. All sulfur analyses were per­
formed by the Environmental Studies Laboratory, University of Montana, 
tftssoula. Reanalysis of samples was performed randomly throughout the 
analyses and the results were found to be reproducible. 
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Foliar Nutrient Analysis 
The nutrient content of needles from selected sites representing 
both healthy and affected areas was also calculated (Stark, 1975). In 
this case, 250 grams of foliage was removed from the tree, placed in 
plastic bags, labelled, and returned to the laboratory for analysis. 
Samples from individual sites representing several years needle pro­
duction were dried at 38° C for 24 hours in a forced air draft oven and 
ground to pass 40 mesh. One gram of the sample was ashed at 525° C, 
taken up in 6N hydrochloric acid, filtered, made up to a known volume 
with distilled water and analyzed on a Varian Techtron model AA-5 
atomic absorption spectrophotometer. The following elements were anal­
yzed in duplicate and their values were averaged: zinc, iron, manganese, 
copper, sodium, potassium, magnesium, and calcium. Total nitrogen was 
calculated using the semi-microkjeldahl procedure. 
Microtechnique 
Histological analyses were carried out on damaged lodgepole pine 
needles from five study sites. The portions of the needles utilized 
in the analyses included separate 2 mm segments from dead necrotic 
tissue, the yellow-green transition zone, and healthy basal tissue. 
Two methods were used for sectioning and embedding the plant material. 
The first method was adapted from Feder and O'Brien (1968) and involved 
fixing the tissue in glutaraldehyde, dehydrating through a graded etha-
nol series and embedding in plastic. After embedding, the tissue was 
sectioned at 3P using a rotary microtome and stained with periodic 
acid-Schiff reagent for carbohydrates and analine blue black for pro­
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tein. In the second method, adapted from Johansen (1940), the tissue 
was fixed in glutaraldehyde, dehydrated in tertiary butyl alcohol, and 
embedded in paraffin. The sections were cut with a rotary microtome at 
10 u. Longitudinal and transverse sections prepared in this manner 
were stained in Feulgens nuclear reagent and counter-stained with Fast 
Green. The permanent slides obtained using both methods were photo­
graphed through a Leitz phase contrast microscope at approximately 60, 
125, and 300 power magnifications using high speed Ektachrome film. 
Air Analysis 
Hydrogen Sulfide and Sulfur Dioxide Air Sampling 
The concentrations of hydrogen sulfide and sulfur dioxide present 
in the study areas were analyzed by wet chemical methods using a midget 
impinger collection system. The procedure for determination of sulfur 
dioxide was after West-Gaeke (1956) and for determination of hydrogen 
sulfide was after Jacobs et al. (1957). In both methods, an aliquot 
of trapping solution specific for the particular gas (tetrachloromurcu-
rate for SO2 and cadmium hydroxide for H£S) was placed in the impinger 
and a known amount of air was bubbled through the solution. Later, 
these samples were analyzed colorimetrically, the amount of absorbed 
gas calculated by comparison with a standard curve. Two power sources 
were used to draw air through the collection systems: one a battery 
powered M.S.A. pump, the other a generator-driven Dwyer Manufacturing 
Company pump. Both systems sampled for durations of 30 to 60 minutes. 
10 
Reactive Sulfur Analysis 
To quantify the average amount of airborne sulfur in the study 
areas over a longer period of time, a sulfation plate collection sys­
tem was employed (Huey, 1968). These plates consisted of small petri 
dishes with a lead dioxide impregnated fiberglass filter attached. 
Either oxidized or reduced sulfur in contact with the lead dioxide surface 
precipitate onto the plate as sulfate. The procedure for analysis was 
adapted from Standard Methods' (1971) turbiometric analysis of sulfate 
in water. One sulfation plate was placed at breast-height on each 
lodgepole previously sampled for foliage analysis. The plates were 
replaced monthly during the growing season. 
Soil Analysis 
Selected soil samples from both healthy and damaged areas were 
analyzed for their general fertility parameters (Stark, 1975). At each 
sampling location, two soil pits were dug down to the root zone (20-25 
cm) and approximately 500 grams of soil was extracted from each pit, 
combined and placed in labelled plastic bags. Upon receipt at the 
laboratory, the pH was immediately determined on a slurried portion of 
the soils using an Orion pH meter. For cation determination a dried 
and milled aliquot of the soils was extracted four times with 1 N 
ammonium acetate and filtered. The filtrate was then analyzed on a 
Varian Tectron AA-5 atomic absorption spectrophotometer for zinc, iron, 
manganese, copper, sodium, potassium, magnesium, and calcium. Soil 
phosphates were calculated using a sodium fluoride extraction and 
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ammonium molybdate chlorimetric procedure on 1.0 gram samples of dried 
and milled soil material. 
CHAPTER 3 
DESCRIPTION OF THE AREA 
Thermal Features 
The surface evidence of volcanism may be classified into three 
evolutionary phases (Douglass, 1939). The first is the eruptive phase, 
when molten rock is expelled by explosive gases within the earth. The 
second phase is characterized by gaseous emissions from fissures and 
craters, the result of previous events. The third is the hot spring 
phase where ground water is heated by subterranean lava flows and recir­
culated to the surface containing quantities of dissolved and colloid-
ally dispersed minerals. 
Yellowstone National Park is in the third phase of volcanic acti­
vity. In this stage, three types of thermal features are observed: 
fumaroles, geysers, and hotsprings. Fumaroles consist mostly of 
steam and appear where there exists an inadequate water supply, such 
as on hillsides and high ground. Hotsprings and geysers are the pre­
dominant thermal features when sufficient water is available. There 
are between 2,500 and 10,000 hot springs and at least 200 geysers 
throughout the park (Keefer, 1972). 
Many investigations have been made on the gaseous composition of 
Yellowstone's thermal features (Phillips, 1911; Allen and Day, 1935; 
Mazor and Wasserburg, 1965; Gunther and Musgrave, 1966). Table 1 shows 
a comparison of results from two of these investigations. 
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Table 1 
Comparison of results by two different investigators of 
gaseous emissions from various hydrothermal areas in Yel­
lowstone National Park (from Gunther and Musgrave, 1966). 
Location Investigator C02 o3 
Terrace A-D 99-50 0-20 
Spring G-C 
A-D 
G-C 
99-41 0-29 
Pipeline 89-95 0-10 
Creek 9 1 1 2  0-29 
Chinaman A-D 91-60 0-00 
G-C 92-63 0-52 
Washburn A-D 81-15 0-00 
Springs G-C 
A-D 
81-19 0-04 
Crater 98-10 0-05 
Hills G-C 99-25 0-02 
Artemesia A-D 0-90 3-40 
G-C 4-70 6-63 
Daisy A-D 78-60 1-90 
G-C 90-71 1-47 
Imperial A-D p p 85-90 1-95 
Geyser Li —L. 
A-D 
G-C 
89-92 1-84 
Ojo 79-90 0-00 
Caliente 70-77 T 
Teakettle A-D 87-75 0-30 
G-C 23-24 17-82 
H, CH4 Nt IIaS 
0-00 0-00 0-30 0-00 
0-40 < 0 01 < 0-29 0-03 < 
0-35 1 1 0  8-50 None 
0-40< 1-24 7 34 0-04 < 
0-45 0-75 7-20 0-00 
0-40 < 0-39 6-46 0-04 < 
0-25 13-20 3-70 0-55 
1-21 16-25 1 31 0-04 < 
0 0 0  0-10 1 75 0-00 
0-40 < T 0-77 0-03 < 
0-00 10-60 8 5 1 0  0-00 
0-40 < 8-56 80-11 0-03 < 
0-00 1-60 17-90 0-00 
0-40 < 0-77 7-06 0-03 < 
0-00 0-35 11-80 0-00 
0-40 < 0-27 7-97 0-03 < 
0 1 5  0-80 19-15 Present 
T 2-79 26-09 0-04 < 
0-30 0-30 11-65 Undet. 
0-40 < 0 0 8  58-87 0-05 < 
A-D 
G-C 
Allen and Day, 1935 
Gunther and Musgrave, 1966 
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The Yellowstone gases may be grouped into four general categories 
according to pH and the ionic composition of the aqueous phase (Allen 
and Day, 1935): (1) the gases from acid springs which are predomi­
nately carbon dioxide with small amounts of other gases; (2) the gases 
from alkaline areas which are principally nitrogen and small amounts of 
other gases; (3) gases from neutral springs which contain various a-
mounts of carbon dioxide and nitrogen with small amounts of other 
gases; and (4) the gases from calcium bicarbonate water with greater 
than ninety-nine percent carbon dioxide. 
Soils 
The soils throughout Yellowstone National Park appear quite varia­
ble in development and composition due in part to climatic extremes 
(Taylor, 1973), and to the diversity in parent material (U.S.G.S., 
1972). A generalized soils map describes the area as having cool to 
cold, gently sloping soils with a gray to brown surface horizon, med­
ium to high base exchange, and subsurface horizons of clay accumulation 
(Brady, 1974). 
Vegetation 
Lodgepole pine is the dominant vegetative cover over much of the 
Park owing primarily to the frequency of fires in the region (Taylor, 
1969). Subalpine fir (Abies lasiocarpa) and Engelmann spruce (Picea 
engelmanni) are occasional associates in older stands. Whitebark pine 
(Pinus albicaulis) is found on higher, more exposed sites. Willow 
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(Salix spp.) and trembling aspen (Populus tremuloides) are the main 
deciduous trees and are found mainly in the draws and along water cour­
ses. Understory, meadow, and grassland vegetation includes sagebrush 
(Artemisia spp.), bitterbrush (Purshia tridenta), wheatgrass (Agropy-
ron spp.) sedges (Carex spp.) as well as numerous herbaceous species. 
CIimate 
The nearest weather station is located at Mammoth Hot Springs, 
approximately 40 kilometers north of the study area. The climatologi-
cal description comes predominately from this location (U.S.D.C., 1959) 
with a few readings obtained from Ranger Stations throughout the park. 
Annual precipitation varies from an average of 34.9 cm at Lamar 
Ranger Station in the northeast to 97.2 cm at the Bechler Ranger Sta­
tion in the southeast corner. June is the wettest month averaging from 
5-7 cm. Precipitation for July, August, and September is between 2-5 
cm. For most of the park, between 2100 and 2600 meters, annual snow­
fall averages approximately 380 cm. Snow accumulation in the mountains 
is greater, with over 1000 cm recorded in certain locations. 
Summer temperatures average 21-25° C over much of the park. The 
nights are cool, with occasional frost. A minimum temperature of 0° C 
or less has been recorded at least once from the air or two centimeters 
below the soil surface during the growing months of June, July, and 
August (Taylor, 1965). Winters are cold with temperatures below 
freezing most of the time. January is usually the coldest month, with 
temperature ranges near -17° C at night to approximately -4° C in the 
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early afternoon. Values are frequently well below -20° C with all areas 
of the park having recorded -50° C at least one time. 
Wind direction recorded at Old Faithful Ranger Station show a S-SW 
vector 75 percent of the time during the months of June, July, August, 
and September. For this part of the United States, inversion conditions 
exist approximately 40 percent of the time (Hosier, 1961). Both wind 
and inversion frequency data are only rough generalizations since 
approach conditions, valley effects, and other phenomena peculiar to 
mountainous regions restrict extrapolation of such data much beyond the 
individual sampling stations. 
Study Areas 
Lone Star Geyser Area 
The Lone Star geyser area was chosen as the major study location 
in the park. It is the only large geyser on the Firehole drainage 
further up river than Old Faithful, the distance being about six kilo­
meters. Because of its isolation from other geysers of the Upper 
Basin, Lone Star provided an opportunity to define the effects of a 
single emission source on the surrounding vegetation. 
The geyser is located at the base of a moraine, indicating it may 
represent hydrothermal activity that followed the burial of preglacial 
hot springs. Eruptions occur at roughly three hour intervals, each 
lasting 25-30 minutes and attaining height of approximately 20 meters 
(Marler, 1964). The Firehole River flows just to the east of the Lone 
Star area. A meadow with several hotsprings extends south 250 meters 
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from the geyser to a bend in the river. Twenty-six sample sites were 
located throughout the area. They were chosen after reconnaissance to 
represent both the geographical extent and degree of lodgepole pine 
damage (Figure 1). 
Selected and Control Areas Throughout the Park 
Six study locations were selected throughout the park near differ­
ent types of thermal features. Lodgepole pine at all these selected 
sites exhibited vegetative damage. The rationale for establishing 
these sites was to learn whether the parameters being evaluated in the 
primary study area were reproducible for different hydrothermal areas. 
Four control plots were also located throughout the park on sites as 
far away from emission sources as practical but in areas representing 
the same vegetation and substrata as the study locations (Figure 2). 
Appendix A gives the location and description of all study sites. 
Figure 1 
Map of Lone Star area showing the locations of 
sampling sites used in this portion of the study. 
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Figure 2 
Map of Yellowstone National Park showing the 
location of the thirty-six sampling sites used 
in this study. 
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CHAPTER 4 
RESULTS 
Foliar Analysis 
Damage Quantification and Sulfur Analysis 
The results of the damage estimates and foliar sulfur analyses for 
lodgepole pines from all sample locations are presented in Tables 2 and 
3. For ease of comparison, these results have been grouped into five 
separate categories. Two of the categories represent sites from con­
trol and selected areas throughout the park. The Lone Star study area 
has been grouped into three categories or zones depending on the total 
damage score computed for each site: 
Damage Category Total Score Mean 
Zone 1 Severe 12-25 15.4 
Zone 2 Moderate 26-35 28.2 
Zone 3 Healthy 35-70 51.5 
A comparison of the amount of sulfur within 1971-1974 years needle 
growth and the different damage categories is presented in Figure 3. 
The data indicates that sulfur accumulation within each year's growth 
is nearly constant for lodgepole pines from sites located in zone 3, 
zone 2, and control areas, while pines in zone 1 and in the selected 
area categories show a slight tendency for higher sulfur concentrations 
in progressively younger-aged needles. The lodgepole pine trees in 
zone 1 and in the selected areas had a statistically greater average 
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Table 2 
Damage estimate for up to seven years needle retention and 
separately within 1971-1974 growth in lodgepole pine. (Es­
timation calculated from a summation of two independent 
determinations in upper and lower portions of the crown.) 
Site Site Year of internode 
Category Number 71 TZ 21 74 68-74 
27 10 10 10 10 60 
30 10 10 10 10 61 
Control 34 10 10 10 10 40 
Areas 35 8 10 10 10 39 
£ 38 40 40 40 200 
X 9.5 10 10 10 50 
28 3 3 4 8 18 
29 2 4 4 10 22 
31 2 2 4 10 18 
Selected 32 2 6 6 10 28 
Areas 33 2 2 3 10 17 
36 2 2 7 10 21 
E 13 19 28 58 124 
X 2.2 3.2 4.7 9.7 20.7 
1 2 2 2 6 12 
6 2 2 5 8 19 
8 2 2 2 6 14 
Zone 1 11 2 2 2 6 18 
13 2 2 2 6 14 
z 10 10 13 32 77 
X 2 2 2.6 6.4 15.4 
2 2 4 10 10 26 
3 2 8 10 10 30 
4 6 4 4 10 32 
5 4 4 6 8 30 
7 3 5 6 10 23 
9 2 3 6 8 24 
Zone 2 12 4 4 6 6 29 
14 4 6 6 10 31 
15 2 4 8 9 29 
16 2 4 7 10 29 
17 4 6 7 10 32 
18 2 5 8 10 32 
20 2 5 6 6 23 
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Table 2 (Continued) 
Site Site Year of internode 
Category Number 71 72 73 74 68-74 
21 3 4 5 8 24 
22 3 5 6 10 29 
z 49 77 101 135 423 
X 3.3 5.2 6.7 9 28.2 
10 6 6 10 10 42 
19 5 10 10 10 53 
23 6 8 10 10 47 
24 10 10 10 10 70 
25 8 9 10 10 50 
26 6 8 9 10 47 
E 41 51 59 60 309 
X 6.8 8.5 9.8 10 51.5 
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Table 3 
Sulfur content in needles from different years growth 
of lodgepole pine. (Data reported in ppm) 
Site Site Year of foliage 
Category Number 71 72 73 74 71-74 X 
27 600 600 400 600 2200 550 
30 600 800 600 700 2700 675 
Control 34 550 550 600 600 2300 575 
Areas 35 750 700 700 700 2850 713 
z 2500 2650 2300 2600 10050 2513 
X 625 662 575 650 2513 628 
28 800 700 800 700 3000 750 
29 600 800 900 700 3000 750 
31 1600 1500 1700 800 5600 1400 
Selected 32 1100 1200 800 600 3700 925 
Areas 33 800 1000 1100 800 3700 925 
36 1700 1600 1650 1200 6150 1538 
z 6600 6800 6950 4800 25150 6288 
X 1100 1133 1158 800 4192 1048 
1 800 650 800 800 3050 763 
6 700 800 800 900 3200 800 
8 600 900 800 900 3200 800 
Zone 1 11 400 600 600 700 2300 575 
13 600 550 700 950 3400 850 
z 3100 3500 3700 4250 15150 3788 
X 620 700 740 850 3030 758 
2 800 950 1100 650 3500 875 
3 600 500 600 600 2300 575 
4 700 500 400 600 2200 550 
5 700 550 600 450 2300 550 
7 600 700 600 550 2450 613 
9 800 600 700 600 2700 675 
Zone 2 12 800 650 800 600 2850 713 
14 800 650 700 800 2950 738 
15 900 600 600 700 2800 700 
16 400 600 400 600 2000 500 
17 700 700 700 800 2900 725 
18 850 850 800 700 3200 800 
20 600 700 500 650 2450 613 
21 800 500 800 650 2800 700 
22 700 500 600 750 2550 638 
z 10750 9600 9900 9700 47950 9988 
X 717 640 660 647 3197 666 
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Table 3 (Continued) 
Site Site Year of foliage 
Category Number n 7_2 21 21 71-74 X 
10 500 600 700 600 2400 600 
19 500 500 500 500 2000 500 
23 600 550 700 700 2550 638 
Zone 3 24 800 700 600 400 2500 625 
25 600 600 600 500 2300 575 
26 800 800 600 550 2750 687 
E 3800 3750 3700 3250 14500 3625 
X 633 625 617 542 2417 604 
Figure 3 
Total sulfur in 1971-1974 foliage and X total sulfur 
by sample site categories. 
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sulfur content in their 1971-1974 foliage than those from sites in 
zone 3, zone 2, and control areas (Table 4). The differences in the 
foliar sulfur content of the trees in zone 3, zone 2, and control 
sites were found to be statistically indistinguishable. 
Field observations indicated that lodgepole pines near hydro-
thermal areas expressed a damage syndrome distinct from that caused by 
insects, fungal, or climatic pathogens (Figures 4, 5, 6). Individual 
needles showed a loss of chlorophyll (chlorosis) in the early stages 
of injury that progressed into necrosis upon longer exposures. Necro­
sis and chlorosis were always initiated in the most distal portions of 
the needle and progressed proximally with time. The needles persisted 
to a greater age in the upper crown and on younger branches. As a 
result, damaged trees had a rather sparse appearance, the most ser­
iously injured trees retaining only their current years needles. 
Lodgepole pines that grew further away from the hotsprings and geyser 
areas had a healthy appearance. 
Figure 7 illustrates how an aspect of the damage syndrome, needle 
retention and needle damage, increased with increasing age of lodge­
pole pine foliage from all site categories except the control areas. 
In the more severely damaged classifications, progressively younger-
aged foliage showed increased amounts of damage. This is most obvious 
for trees from zone 1 and selected area sites where all the foliage 
except the current year's growth is either 100 percent chlorotic or 
necrotic. Figure 7 also indicates the similarity between the health 
of foliage in zone 3 and the control areas. 
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Table 4 
Wilcoxan-Mann-Whitney nonparametric comparison of means between 
1971-1974 foliar sulfur in different site categories. Average 
values in parentheses are given below the ranges. Underscored 
numbers are significant at the 95 percent confidence level (Wonna-
cott and Wonnacott, 1972). (Sulfur data in ppm.) 
Zone 1 
775-850 
(758) 
Zone 2 
500-850 
(666)  
Zone 3 
500-687 
(628) 
Control 
550-713 
(628)  
Select Areas 
750-1538 
(1048) 
Zone 1 
Zone 2 .045 
Zone 3 .035 ,250 
Control .044 .071 .420 
Select 
Areas 
.123 .001 .001 .005 
Figure 4 
Acute hydrogen sulfide damage to young lodgepole 
pine near Lone Star geyser. Notice that even 
though there is a full complement of foliage, 
nearly 100 percent of the needles show tip necrosis. 
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. Figure 5 
Damaged branch from a lodgepole pine near the 
Norris Geyser Basin. 1974 foliage appears healthy 
but increasingly older needles show 100 percent 
necrosis. 
Figure 6 
Closeup of damage symptoms on lodgepole pine from 
the Lone Star geyser areas. Needles show a healthy 
basal portion that progresses through a chlorotic 
area to the necrotic tip. 

Figure 7 
Damage estimate for individual years needle growth 
by sample site location. Ordinate values are summa­
tion of determinations from upper and lower tree 
crown. 
Control 
1971 
1972 
1973 
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The relationship between the mean sulfur in lodgepole pine foliage 
for all sampling sites computed over four years needle growth and the 
total damage estimate computed for 1968-1974 foliage is shown in 
Figure 8. The nonlinear correlation indicates that as the sulfur 
content of the foliage increased, lodgepole pine damage also increased. 
The distribution pattern of foliar sulfur in lodgepole pines 
throughout the Lone Star study area is represented in Figure 9. Trees 
on sites closest to the geyser and near various hotsprings possessed 
the highest accumulation of sulfur in their foliage. Furthermore, 
Figure 10 illustrates that trees closest to these emission sources 
were either in the moderately or severely damaged zones. With increa­
sing distance from these hydrothermal areas, sulfur content and tree 
health approached control levels. 
Foliar Nutrient Analysis 
The results of cation and total nitrogen analyses, and comparable 
results by other researchers are given in Table 5. The data indicates 
low nitrogen levels at all sampling sites including the control loca­
tion. Even though the nitrogen is low, this doesn't seem to indicate 
a deficiency problem since healthy trees at the control sites also had 
a low nitrogen content in their foliage. The values for the other 
elements varied widely between different sampling locations. A com­
parison with other investigators' results indicates that all the values 
are within the range found necessary for sustaining healthy growth. 
Figure 8 
Relationship between foliar sulfur and the damage 
estimate for lodgepole pine from all sample sites. 
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Figure 9 
Isopol map of Lone Star geyser area showing mean 
sulfur concentration in 1971-1974 foliage of Lodge­
pole pine. 
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Figure 10 
Isopol map of the Lone Star geyser area showing 
the distribution of Lodgepole pine damage cate­
gories. 
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Table 5 
Foliar nutrient content of lodgepole pine from selected sites 
in Yellowstone National Park. (Date reported in yg/g as aver­
age of two separate analyses.) 
Site 
No. Zn Fe Mn Cu Na K M Ca N 
14 50 62.5 240. 0 11.7 158.5 6800 865.0 2375 7210 
6 32 46.0 176. 0 10.6 325.0 5050 877.5 1925 9310 
33 30 37.5 296. 0 7.3 37.5 5400 877.5 1475 8680 
1 34.5 46.0 172. 5 10.4 430.0 5050 890.0 1925 10500 
36 34.5 35.0 108. 5 11.3 37.3 4225 970.0 1100 12460 
30 37 49.0 423. 0 8.1 156.0 5300 910.0 1950 10800 
Foliar nutrient content reported in Jeffrey* and lodgepole^ 
pine. (Date reported in yg/g.) 
Z n F e M n  C u _ N ^  K  M &  C a  N  
xlO3 xlO3 xlO3 xlO3 
Stark 
(1973) 6.4 31 12 3.2 125 2.2 .460 .790 6.6 
Beaton 
et al^ 
(1965) 
Swann^ 
(1972) 
acute deficiency 
moderate deficiency 
deficiency-sufficiency 
sufficiency 
4.5- 1.1-
6.2 1.4 
<2.0  
2.0-
3.0 
3.0-
5.0 
5.0-
10.0 
<.50 
.50-
.70 
.70-
.90 
.90-
1 .60  
1 . 6 -
2 . 6  
11 .8-
17.7 
<.40 <10.0 
.40- 10.0-
.60 
.60-
.80 
.80-
3.00 
12.0  
12.0-
17.0 
17.0-
30.0 
luxury >10.0 >1.60 >3.00 >30.0 
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Histological Interpretations 
The lodgepole pine needles on which histology was performed 
showed reproducible trends in pathological anatomy progressing from 
the healthy basal area to the more necrotic distal portions. The re­
sults of these analyses are summarized in Table 6 and selected samples 
displayed in Figures 11 and 12. In all cases the mesophyll was the 
first tissue to show any abnormalities. Mesophyll parenchyma first 
appeared to granulate then, in more advanced stages of damage, showed 
clearing of the cytoplasm and collapse. Within the vascular cylinder, 
transfusion parenchyma first became hypertrophied near the phloem ele­
ments, and this hypertrophy progressed radially toward the endodermis 
in sections closer to the necrotic zone. The phloem elements, endo­
dermis, and albuminous cells also showed hypertrophy during this 
phase. In the final stage of destruction, the endodermis, albuminous 
cells, phloem elements, and transfusion parenchyma all collapsed. At 
no time were xylary elements affected, although occasional distortion 
was observed when there was extensive hypertrophy in the adjacent 
tissue. 
Air Analyses 
Total Reactive Sulfur 
The sulfation plate system gave unreliable data for the two-month 
period it was employed. Therefore, this method of air analysis was dis­
continued and no results will be reported here. 
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Table 6 
Comparative histology of tissue arid cell structures 
from different sections of damaged lodgepole pine 
needles. 
Cell and 
Tissue 
Structures 
macroscopic symptoms 
Green Yellow- Yellow Necrotic 
Green 
Mesophyll 
Transfusion 
parenchyma 
Phloem 
elements * _  
A1buminous 
cells 
Endodermi s 
+ 
+ 
+* 
+ 
* 
* 
Xylary 
elements 
healthy + 
hypertrophy * 
plasmoloysis o 
collapse 
Figure 11 
Upper - Transverse section of healthy lodgepole pine needle. 
EP - Epidermis, M - Mesophyll, EN - Endodermis, V - Vascular 
System. X30 
Middle - Transverse section of yellow portion of a damaged 
lodgepole pine. Note partial collapse of mesophyll, hyper­
trophy of the transfusion parenchyma, and phloem elements. 
Lower - Transverse section at the necrotic interface of a 
damaged lodgepole pine needle. Note collapse of the meso­
phyll, phloem elements, transfusion tissue, and portions of 
the endodermis. 

Figure 12 
Upper - Transverse section of healthy lodgepole pine needle -
vascular bundle. Z - Albuminous cells, P - Phloem elements, 
X - Xylem elements, T - Transfusion parenchyma. X300 
Lower - Transverse section from the Yellow portion of a dam­
aged lodgepole pine needle. Note the hypertrophy of the phloem 
elements, albuminous cells, and transfusion parenchyma. Partial 
collapse of the phloem elements is evident as well. X300 
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Hydrogen Sulfide and Sulfur Dioxide Measurements 
The data from both hydrogen sulfide and sulfur dioxide wet chem­
istry measurements are presented in Table 7. Sulfur dioxide was not 
found in any of the fourteen measurements. The values obtained for 
hydrogen sulfide ranged from a low of 0.004 ppm at the Madison Junc­
tion control site to a high value of 0.364 ppm during one of Lone 
Star geyser's eruptions. In contrast to the sulfur dioxide measure­
ments, hydrogen sulfide was found in all fourteen measurements for the 
gas. Because of the nature of the air analyses, it was impossible to 
do any sort of statistical correlation between the amount of hydrogen 
sulfide and any of the other parameters evaluated in this study. 
Soil Analyses 
Values from the soil nutrient analyses are provided in Table 8. 
For comparison the results of Stark (1975) are also presented. The 
data indicates that sites 31, 33, and 36 contain the lowest values for 
most cations. These soils are located in the acid spring portion of 
the park on hydrothermally-altered acid leached parent materials. 
Also evident are the low pH values for a number of sampling locations. 
It was not determined whether these values were the result of an acid 
precipitation effect or some other phenomenon. 
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Table 7 
Results of air sampling for hydrogen sulfide (^S) and sulfur 
dioxide (SO2) using a midget impinger collection device. 
Ti me T i me 
Location 
Description/ 
Conditions 
SO2 Interval 
ppm (minutes) 
h2s 
ppm 
Interval 
(minutes) 
70 meters north 
of geyser 
no geyser 
activity 
0.00 60 0.042 60 
100 meters 
north of geyser 
last 10 min 
of eruption 
0.00 60 0.064 60 
Between sites 
2 and 3 
no geyser 
activity 
0.00 75 0.026 75 
Between sites 
8 and 9 
near small 
springs 
0.00 65 0.066 65 
Near site 10 no geyser 
activity 
0.00 60 0.042 60 
30 meters north 
of geyser 
during 
eruption 
0.00 25 0.364 25 
Between sites 
12 and 14 
60 meters 
from spring 
0.00 60 0.042 60 
Between sites 
16 and 18 
near small 
springs 
0.00 60 0.080 60 
Between sites 
20 and 21 
near small 
springs 
0.00 70 0.052 70 
Madison Junction 
site 30 
0.00 30 0.004 60 
Fountain Paint Pots 
site 29 
0.00 30 0.015 55 
Beryl Springs 
site 31 
0.00 30 0.032 55 
Norris Basin 
site 32 
0.00 30 0.041 50 
Sulfur Caldron 0.00 33 0.035 60 
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Table 8 
Results of nutrient analyses of soils from selected sample sites 
in Yellowstone National Park. (Data reported in yg/g.) 
Site 
No. Zn Fe Mn Cu. Na K Ma Ca P04 
34* .75 3.5 14 2.3 24.1 87.5 30 285 44.3 4.7 
.78 3.4 15 2.8 26.7 95.0 32 285 
8* .55 1.4 5.0 2.2 27.4 70.0 29 305 16.3 4.2 
.60 1.5 5.0 2.0 27.6 95.0 29 303 
36* .80 4.8 25 2.6 30.7 187.5 14.5 95 165.3 3.3 
.75 4.3 25 2.3 31.8 195.0 15 95 
30 1.5 .75 42 2.3 41.0 122.5 60 700 181.3 4.5 
1 .75 .50 10 2.1 18.6 197.5 26.5 300 16.3 5.6 
31 1.4 1.5 .50 3.1 25.5 47.5 6.5 55 23.3 4.4 
22 2.1 .65 48 2.3 17.0 287.5 54.0 545 25.5 5.3 
33 .95 8.1 2.0 2.2 14.0 202.5 8.0 90 39.6 3.3 
18 2.0 1.0 2.5 3.0 41.5 530.0 22.5 275 30.1 3.9 
12 1.0 .75 6.0 2.5 27.0 392.5 11.0 405 11.9 6.0 
6 1.0 .75 5.0 2.0 65.0 35.0 44 435 23.3 4.9 
29 1.9 .65 16 2.5 28.3 85 25 380 25.7 5.7 
3 .85 1.3 11 1.3 51.0 87.5 25 245 35.0 4.3 
Stark+ Zn^ Fj2 Mix CU Na K Mg Ca P 
Low .04 2 3 0.5 6 35 22 195 2.0 
High 2.6 20.0 200 1.1 346 100 2450 4800 88.0 
+Elemental analyses in Jeffrey pine (Pinus jeffreyi) soils. 
Stark (1973). 
*Duplicate analyses. 
CHAPTER 5 
DISCUSSION 
The damage symptoms observed in lodgepole pine during the field 
reconnaissance portion of this study do not agree with those commonly 
attributed to hydrogen sulfide injury, i.e. younger leaves showing the 
first symptoms with the more mature leaves uninjured (McCallan et al., 
1936). As previously stated, injured trees showed a sparse appearance, 
with most of the healthy foliage located in the upper crown and on new 
growth in the lower portions. This type of damage is similar to the 
type found on conifers damaged by sulfur dioxide (Linzon, 1973; 
Scheffer and Hedgcock, 1955; Katz et al., 1939). 
Results from the damage estimations showed that lodgepole pine 
injury was greatest near emission sources while trees located away from 
these areas had a healthy appearance. Foliar sulfur was also highest 
in severely damaged trees and decreased in sites away from these emis­
sion sources and in the control locations. This distribution of foliar 
sulfur agrees with the results of a similar study in Yellowstone Nation­
al Park (Thomas, 1950), though the actual values are quite different: 
Maximum Minimum Ratio Max-Min Investigator 
2900 ppm 1200 ppm 2.4 Thomas, 1950 
1538 ppm 500 ppm 3.0 Present 
Irrespective of actual values, both studies showed the same relative 
difference in the sulfur content of lodgepole pine fol iage between damaged 
and healthy areas. The relationship between injury and foliar sulfur 
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together with the fact that both these parameters are highest near 
geyser and hotsprings suggests that excessive sulfur from thermal 
areas may be the cause of damage. 
Investigations have shown that conifers subjected to high levels 
of sulfur dioxide have the greatest concentrations of sulfur in older 
needles (Katz and McCallum, 1939; Scheffer and Hedgcock, 1955). Since 
sulfur analyses performed in this study showed no increases in sulfur 
or slight increases in younger growth, the possibility of sulfur dio­
xide being responsible for tree damage is questionable. 
The air sampling data generated in this study provides further 
evidence into the nature of the causal agent of lodgepole pine injury. 
Since sulfur dioxide was not found in any measurements, this factor 
is ruled out as a possible cause of damage. The sulfur dioxide results 
are supported by fact that neither Allen and Day (1935) nor Gunther and 
Musgrave (1966) measured sulfur dioxide in any of their air samples. 
They attribute the absence of the gas to Yellowstone's evolutionary 
stage of volcanism. 
The highest concentration of hydrogen sulfide recorded was 0.364 
ppm during an eruption of Lone Star geyser. During the measurement 
the sampler was located approximately 60 meters from a severely damaged 
study site. Trees at this location are probably exposed to similar 
concentrations, although the values that caused their injury will 
never be known. Continuous sources such as hotsprings could generate 
higher levels during inversion periods. However, even under the most 
severe conditions, hydrogen sulfide would not be expected to exceed 
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1 ppm. This is forty times less than what McCallan et al. (1936) 
determined necessary to cause minimal plant injury during a five-hour 
exposure. 
Brady (1974) states that nutrient and micro-nutrient deficiencies 
would be most likely in highly leached acid soils. Data from this 
study does show that the lowest values were found in soils near acid 
springs (Norris Geyser Basin, Beryl Springs, and Sulfur Caldron sites). 
Even though these areas contained low soil nutrients, foliar nutrient 
levels were sufficient for adequate plant growth. Other areas of the 
park showed even greater supplies of essential minerals upon analysis. 
These results indicate that lodgepole pine injury is not the direct 
result of a nutrient stress problem. It is possible, however, that 
the low nitrogen levels found in lodgepole pine may make them more 
susceptible to some other kind of environmental stress. Researchers 
have found that eastern white pine trees growing under low nitrogen 
conditions are far more sensitive to sulfur dioxide than those grow­
ing on better sites (Treshow, 1970). 
Histological work performed by Gordon (1973) has shown albuminous 
cell enlargement and early collapse of the inactive phloem in ponderosa 
pine upon fumigation with hydrogen sulfide and sulfur dioxide. Simi­
larly, Clinton Carlson (1976, personal communication) has shown hyper­
trophy of the transfusion parenchyma and albuminous cells early in 
damage plus collapse of these elements as well as the endodermis, 
phloem, and mesophyll in the later stages, following fumigations of 
Douglas fir and ponderosa pine with sulfur dioxide, hydrogen sulfide, 
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methyl mercaptan, and hydrogen fluoride. Carlson states that this air 
pollution induced symptomology is histologically distinct from response 
due to salt, drought, or winter damage. Further, Stewart et al. (1973) 
found the early collapse of the mesophyll to be a diagnostic character­
istic that differentiates sulfur damage from that caused by ozone, 
boron, natural sensensence, and suffocation. The histological work car­
ried out in this study shows the same pathological anatomy as those 
reported by Gordon, Carlson, and Stewart. From the results, the number 
of possible causal agents can be reduced to either a sulfur-containing 
gas or hydrogen fluoride. Since there is no chance of sulfur dioxide, 
methyl mercaptan, or hydrogen fluoride being present in the study area 
(Allen and Day, 1935), hydrogen sulfide must be the cause of the needle 
damage. 
Why is there damage taking place at such low concentrations of 
hydrogen sulfide, particularly when one would suspect a genetic toler­
ance arising in the population after thousands of years of this type 
of selection pressure? The answer may rest in the fact that a number 
of unique environmental conditions exist in the vicinity of the hot-
springs and geyser areas. 
The humidity is extremely high near thermal features in the park. 
Allen and Day (1935) calculated that 99.6 percent of the emissions 
from thermal features is water vapor. This situation coupled with an 
environment condusive to photosynthesis provides a favorable condition 
for stomatal opening. Studies by Katz and Ledingham (1939) and Setter-
strom and Zimmerman (1939) showed that the rate of sulfur dioxide up­
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take rather than the amount was more important in causing injury to 
plants. They found that the most important factor favoring the rate 
of uptake was the amount of stomatal opening. These results can be 
generalized to any airborne phytotoxic gas, including hydrogen sulfide. 
Temperature is another important environmental factor that in­
fluences plant susceptibility to hydrogen sulfide. Water vapor ab­
sorbs strongly in the infrared region of the spectrum and when the 
concentration is high in the atmosphere, can act as a heat trap. 
Turrell (1949) has shown that when citrus leaves are exposed to an 
atmosphere with high relative humidity and then full sunlight, the leaf 
temperature rises dramatically. This is due in part to the small mass 
of the leaf and the effect of water vapor reradiating dissipated heat 
back to the leaf surface. Both McCallan et al. (1936) and Turrell 
(1949) have shown that hydrogen sulfide has a greater phytotoxicity at 
elevated temperatures. Because of the high water vapor and frequency 
of cloudless days in Yellowstone, conditions near hydrothermal areas 
oftentimes meet these requirements. 
Finally, the presence of hydrothermal areas indicates heated 
ground. Although ground temperatures may not have a toxic effect on 
lodgepole pine per se, it does encourage soil moisture reductions. 
The soils near thermal areas are coarse and highly porous with low 
water retention (U.S.6.S., 1972). Droughty soils and heated ground 
may make lodgepole more susceptible to hydrogen sulfide, particularly 
during the latter part of the growing season when precipitation is low. 
The above conditions, alone or in combination, could change the toxi-
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city of hydrogen sulfide beyond what had been reported under controlled 
laboratory conditions. 
Extrapolation of the results of this study to industrial areas is 
dangerous. The atmosphere conditions in such areas are different from 
those in Yellowstone. High levels of ozone and particulate could in­
crease the oxidation rate of hydrogen sulfide, producing elevated 
levels of sulfur dioxide and sulfuric acid. There are also a number 
of other potentially phytotoxic gases in industrial areas that can act 
synergistically with hydrogen sulfide and/or its oxidation products to 
make direct comparisons inaccurate. This study does indicate that 
hydrogen sulfide can injure vegetation at much lower concentrations 
than previously thought possible. The exact concentrations are not 
known but would undoubtedly vary with environmental conditions and 
individual plant susceptibility. 
Future Studies 
Only damage to lodgepole pine was investigated in this study. 
There were a variety of forbs and grasses with necrotic lesions ob­
served near hydrothermal areas during the course of the field recon­
naissance. Whether the damage was the result of hydrogen sulfide or 
some other environmental factor was beyond the scope of this investi­
gation. There is the need for further research into the relative 
sensitivity of other plant species as well as plant community changes 
in response to hydrogen sulfide pollution. Yellowstone National Park 
may provide an area where such studies could take place. 
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One of the shortcomings of this study was the lack of adequate 
air sampling. The sulfation plate system was unreliable in obtaining 
the long-term low-level concentrations that better reflect the con­
ditions that caused pine damage in the park. A possible solution to 
this problem would be to use a AISI strip filter paper sampler (Sensen-
baugh and Hemeon, 1954). The procedure utilizes lead-acetate-impreg-
nated paper for the detection of hydrogen sulfide. This method samples 
for longer periods of time (dependent on the amount of tape in the 
machine) than the wet chemical method and is relatively inexpensive. 
Whatever the method of detection, much work is necessary to understand 
the long-term low-level threshold concentrations that are necessary to 
cause plant damage. If such studies have to be carried out in fumi­
gation chambers, they must mimic environmental conditions more closely 
than in the past. 
CHAPTER 6 
SUMMARY 
During a two-summer period, August 1974 - September 1975, an 
investigation was conducted into the nature of damage to lodgepole 
pine in Yellowstone National Park. The hypothesis was that hydrogen 
sulfide discharged from geysers and hotsprings was the causal agent 
of pine damage. 
The results of this study support the hypothesis. They are 
listed below in summary: 
1. Damage different from fungal, insect, or climatic pathogens 
was found most severe near geyser and hotspring areas. Severely 
damaged lodgepole pines near thermal features had nearly 100 percent 
of their needles either necrotic or chlorotic. Healthy lodgepole 
pines were most prevalent away from these areas. 
2. The foliar sulfur content, without respect to year of origin, 
averaged 900 ppm in severely damaged trees while healthy trees averaged 
615 ppm. Damaged trees contained statistically more sulfur than did 
healthy trees, as measured at the 95 percent confidence level. There 
was no accumulation of sulfur in individual years growth for lodgepole 
pine away from hydrothermal areas but trees near these areas showed a 
tendency for greater sulfur accumulation in progressively younger-aged 
needles. The possibility of sulfur dioxide mediated damage was deemed 
unlikely since conifers subjected to this gas accumulate the highest 
concentrations of sulfur in the oldest foliage. 
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3. Comparisons of soil nutrient analyses and foliar nutrient 
analyses showed that although the damaged sites in the park had low 
nutrient levels in their soils, the foliage contained adequate levels 
for healthy growth. The conclusion was that nutrient deficiencies were 
not the cause of lodgepole pine damage. 
4. Histological investigations of damaged needles showed that a 
distinct tissue pathology was present. Tissue damage consisted of 
early mesophyll granulation and cytoplasmic clearing, while more dam­
aged portions of the needle showed hypertrophy of the phloem elements, 
transfusion parenchyma, albuminous cells, and the endodermis. In the 
late stages of destruction, there was collapse of most elements of the 
vascular tissue except the xylem tissue. Results from this study 
agree with the type of pathological anatomy observed by other investi­
gators when conifer needles were fumigated with hydrogen sulfide and 
sulfur dioxide. 
5. No sulfur dioxide was measured in 14 air analyses conducted 
throughout the park but hydrogen sulfide was recorded in all 14 measure­
ments for the gas. The highest value for hydrogen sulfide was 0.364 
ppm, measured near Lone Star geyser during an eruption. The lowest 
value was 0.004 ppm at the Madison Junction control site. 
The concentrations of hydrogen sulfide in the ambient air near a 
severely affected area was over forty times less than that which other 
researchers have found sufficient to cause slight damage to plants 
under controlled laboratory fumigations. A review of the literature 
suggested four possible factors that might affect plant susceptibility 
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to hydrogen sulfide: 
1. High humidity near thermal features is conducive to stomatal 
opening. This would increase the rate of gaseous uptake by plants, a 
factor investigators have found important in increasing plant damage 
from sulfur dioxide. 
2. High concentrations of water vapor in the air have been found 
to act as a heat trap, thus increasing the surface temperature of fol­
iage. Investigators have found that hydrogen sulfide is more phyto­
toxic at elevated temperatures. Both hydrogen sulfide and high water 
vapor concentrations exist near thermal features where lodgepole damage 
is highest. 
3. A combination of heated ground and the droughty soils that 
are present in Yellowstone National Park increases seasonal stress on 
lodgepole pines. An environmental stress of this kind may make lodge­
pole pine more susceptible to hydrogen sulfide damage. 
4. Marginal levels of nitrogen in pines have been found to 
increase susceptibility to damage by pollutants. Low values of nitro­
gen were found in lodgepole pines damaged by hydrogen sulfide. 
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Appendix A 
Sample locations in 
Yellowstone National Park 
Location 
100 meters north of Lone Star Geyser 
170 meters north of Lone Star Geyser 
215 meters north of Lone Star Geyser 
100 meters N.E. of Lone Star Geyser 
35 meters east of Lone Star Geyser 
80 meters west of Lone Star Geyser 
60 meters S.W. of Lone Star Geyser 
100 meters south of Lone Star Geyser 
150 meters S.E. of Lone Star Geyser 
250 meters south of Lone Star Geyser 
75 meters S.E. of site 10 
25 meters south of site 11 
25 meters S.W. of site 10 
25 meters S.W. of site 12 
150 meters west of Firehole R. bridge 
150 meters south of Firehole R. bridge 
200 meters south of Firehole R. bridge 
50 meters S.E. of Firehole R. bridge 
250 meters S.E. of Firehole R. bridge 
20 meters from site 11, across river 
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Appendix A (Continued) 
Location 
125 meters from site 10, across river 
70 meters north of site 21 
250 meters N.E. of Lone Star Geyser 
50 meters east of camp 10-A-l 
30 meters west of site 7 
30 meters west of site 6 
Across highway 100 meters from Lone 
Star service road exit 
Castle Geyser near Old Faithful 
Fountain Paint Pots scenic area, 
Lower Geyser Basin 
2 kilometers west of Madison Junction 
Beryl Springs, along the Gibbon R. 
Emerald Pool, Norris Geyser Basin 
Norris Geyser Basin 
1 kilometer south of Ice Lake 
2 kilometers west of Canyon Village 
Junction 
Sulfur Caldron 
